Aim : We assessed the longitudinal association between tooth loss and peripheral arterial disease (PAD) within the Nurses' Health Study. 
| INTRODUCTION
Peripheral arterial disease (PAD) is a potentially life-and limbthreatening condition affecting 6% of adults aged 40 years and older (~16.5 million persons), and 12-20% of the US population 65 years and older (~8 million individuals) (Lane et al., 2008; Lockhart et al., 2012) . PAD occurs when atherosclerotic deposits accumulate in peripheral vessels, restricting blood circulation in arteries leading to the extremities. PAD shares a common underlying pathological change, atherosclerosis, with coronary heart disease and stroke. These atherosclerotic vascular diseases (ASVD) are the leading cause of death (>25% of all deaths) and are a major public health burden for the global population (Collaborators, 2015) .
Periodontal disease is a chronic inflammatory disease characterized by the destruction of the tooth-supporting connective tissues in response to subgingival infection with various periodontal pathogens (Pihlstrom, Michalowicz, & Johnson, 2005) . Periodontal bacteria can upregulate local and systemic cytokines and other inflammatory mediators, which can subsequently lead to endothelial dysfunction and plaque formation (Haynes & Stanford, 2003; Reyes, Herrera, Kozarov, Roldan, & Progulske-Fox, 2013) . Periodontal pathogens have been found within atherosclerotic plaques, where they may play a role in the development and progression of atherosclerosis leading to ASVD (Haraszthy, Zambon, Trevisan, Zeid, & Genco, 2000) . The chronic inflammatory process of periodontal disease could also contribute to the pathogenesis of atherosclerosis and subsequently to ASVD (Tonetti & Van Dyke, 2013) . Untreated periodontitis ultimately leads to tooth loss, which can have its own deleterious effects on masticatory ability and diet quality, which in turn may have important consequences on cardiovascular and other systemic diseases (Joshipura, Willett, & Douglass, 1996) . Consistent with these mechanisms, periodontitis has been associated with an increased risk of cardiovascular disease and coronary heart disease (Burt & Eklund, 2005; Demmer & Desvarieux, 2006) .
Studies of periodontitis and PAD are limited. A cross-sectional analysis of the NHANES population showed that periodontal attachment loss of 3 mm or more was significantly associated with PAD (OR = 2.25, 95% CI: 1.20-4.22; Lu, Parker, & Eaton, 2008) . In a case-control study, periodontal disease defined as clinical attachment loss ≥4 mm in at least 30% of the six measured sites was strongly associated with risk of PAD (OR = 8.18, 95% CI: 1.21-35.23; Soto-Barreras et al., 2013) .
A small case-control study from Japan suggested that periodontitis patients had a fivefold higher risk of developing PAD compared with periodontally healthy controls (OR = 5.45, 95% CI: 1.57-18.89; Chen et al., 2008) . A recent cross-sectional study also showed that severe periodontitis was associated with PAD (OR = 2.03; 95% CI: 1.05-3.93; Ahn et al., 2016) .
Only two studies, both among men, have longitudinally assessed the association between oral health and PAD. In the Veteran Affairs Dental Longitudinal Study, mean alveolar bone loss >20% at baseline compared to ≤20% was associated with PAD, with a relative risk of 2.27 (95% CI: 1.32-3.90; Mendez et al., 1998) . Among Health Professionals Follow-up Study (HPFS) participants, self-reported periodontal disease was associated with an increased risk of PAD (RR = 1.41, 95% CI: 1.12-1.77; Hung et al., 2003) . In the same study, loss of one or more teeth during follow-up was associated with higher PAD risk (RR = 1.39, 95% CI: 1.07-1.82).
No longitudinal study has evaluated the association between tooth loss and PAD among women. Because of the importance of a potential relationship between dental health and PAD, we conducted a longitudinal analysis of the relation between baseline number of teeth, recent tooth loss and incident PAD. questionnaire. Hence, we included a 16-year follow-up period from 1992 to 2008. We excluded participants who were deceased before 1992 (n = 2,987), had history of heart disease (n = 6,658), prior stroke (n = 374), coronary artery bypass graft (n = 92), intermittent claudication (n = 278), or had missing information for baseline number of teeth (n = 28,188), teeth lost in the previous 2 years (n = 695), age (n = 27), or smoking (n = 2,739). A total of 79,663 eligible women were included in the analytic data set.
| MATERIALS AND METHODS

| PAD
Nurses reported cases of physician-diagnosed peripheral artery dis- 
| Number of teeth and tooth loss
We used self-reported number of teeth in this study, which is expected to be reliably reported within our educated population of nurses. Number of teeth present is reported accurately even by lower SES populations, and self-reported number of teeth is highly correlated with actual number of teeth on clinical examination (r = 0.78-0.97; Douglass, Berlin, & Tennstedt, 1991; Pitiphat, Garcia, Douglass, & Joshipura, 2002) . Although misclassification may exist in incident tooth loss, as respondents may be unclear about the timing of tooth loss, we anticipate this misclassification to be random and unrelated to outcome (as the exposure measures were obtained before the outcome occurred), and such misclassification is generally expected to lead to an underestimation of the effect estimate (Zucker & Spiegelman, 2004) . Baseline number of teeth (categorized
Clinical Relevance
Scientific rationale: This study is one of the few longitudinal studies to assess the relationship between tooth loss and peripheral arterial disease and is the first among women.
The data used in the analyses are part of the Nurses' Health Study (NHS) cohort and include information from around 80,000 participants.
Principal findings:
We found a significant longitudinal association between recent tooth loss and peripheral arterial disease among women.
Practical implications:
Given the high prevalence of periodontal disease globally, further public health efforts to obtain and maintain good oral health can reduce the number of persons developing peripheral arterial disease.
as 0, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] and number of teeth lost in the past 2-4 years (categorized as 0, 1, 2, 3,4, 5-9 or ≥10) were self-reported in 1992, 1996 and 2000. Baseline periodontal status is not available in the study data set. Hence, we have focused on evaluating tooth loss and baseline number of teeth as independent risk factors for PAD.
Participants did not report causes for tooth loss, but we anticipate that tooth loss is primarily driven by periodontal disease within this higher age group.
| Data analysis
Cox proportional hazards regression was used to model associations between measures of oral diseases and occurrence of PAD. The proportional hazard assumption held after analysing Kaplan-Meier curves. Participants were followed until PAD emergence, death or through the follow-up period (2008).
To explore the association between tooth loss and PAD, separate models were run for baseline number of teeth (17-24, 11-16, 1-10 and 0 versus 25-32) and PAD, and ≥1 tooth loss at follow-up and PAD, adjusting for age, smoking status, diabetes, hypertension, high cholesterol, aspirin use, family history of myocardial infarction, BMI, alcohol consumption, physical activity, postmenopausal hormone use and use of vitamin E, vitamin D, multivitamin and calcium. These potential confounders were included based on risk factors for tooth loss, PAD or both, based upon previous studies. We also conducted analyses to compare the risk of PAD among women who lost 1-2, 3-4 or ≥5 teeth versus women with no tooth loss.
We classified participants as never, past and current smokers, but as smoking is strongly associated with PAD, we also accounted for the number of cigarettes smoked and time since quitting smoking. Past smokers were divided into groups that smoked 1-14 cigarettes daily and quit 18.5 years ago or less, smoked 1-14 cigarettes and quit more than 18.5 years ago, smoked 15 or more cigarettes and quit 18.5 years ago or less and smoked 15 or more cigarettes and quit more than 18.5 years ago. Current smokers were classified as currently smoking 1-14, 15-24 or 25 or more cigarettes per day. Alcohol intake was divided into five categories of grams of alcohol consumed daily: 0, (0, 5), [5, 15) , [15, 30) and 30 or more.
Adjustment for physical activity was made using quintiles of total Metabolic Equivalent of Tasks (METs) per week, and obesity was assessed using five categories of BMI: <18.5, [18.5-25) , [25] [26] [27] [28] [29] [30] , Table 1 shows age-adjusted hazard ratios for PAD by baseline number of teeth and incident tooth loss. Edentulous women, followed closely by women with 1-10 teeth, had the highest percentage of current smokers, least years since quitting smoking, and most packs of cigarettes consumed per year; they also drank less alcohol, had the highest BMI, had less physical activity, highest proportion of hypertension, diabetes, and postmenopausal hormone use and a lower percentage of vitamin E, multivitamin and calcium use. Table 2 
| RESULTS
| DISCUSSION
This is the first large longitudinal study among women evaluating associations between tooth loss and PAD. Both fewer baseline number of teeth (11-16 versus 25-32) and recent tooth loss were associated with increased PAD risk, but there was no dose response.
Our analyses adjusted for important confounders. However, given the strong association of smoking with both PAD and tooth loss, the potential for residual confounding may be an important limitation of our study, in spite of rigorous adjustment for smoking. Smoking can play a role as both a confounder and effect modifier (Lockhart et al., 2012) . The strong association among smokers in our study may indicate residual confounding or a synergistic effect of smoking with the pro-inflammatory milieu of periodontitis. A significant protective association between tooth loss and PAD among never smokers was observed, possibly reflecting an unusual pathobiology unrelated to inflammation. However, only 51. PAD cases occurred among never smokers, limiting power and interpretation. The incidence of PAD was low throughout NHS, with only 277 of the over 70,000 women with confirmed PAD diagnosis, more generally limiting the power of our study despite its large sample size.
Important reasons exist to clarify the association of tooth loss with risk of PAD among women. Of particular importance given the inflammatory milieu of periodontitis and tooth loss, several studies have observed sex differences in the role of inflammation in the development of PAD. For example, in comparably sized nested case-control studies of the NHS and HPFS, CRP at baseline was less strongly associated with subsequent risk of PAD among women (p = 0.07) than among men (p = 0.005; Bertoia et al., 2013) . At the same time, CRP levels at the time of PAD revascularization appear to be higher among women than among men, and these levels predict subsequent graft patency only among women (Hiramoto et al., 2012) .
In multivariate analyses, the intermediate category of 11-16 teeth showed a significant association with increased PAD risk compared to people with 25 or more teeth; however, women with ≤10 or 17-24 teeth did not show a significantly higher risk. Our results are consistent with a previous study in Health Professionals (Hung et al., 2003) , which also found that participants with 11-16 teeth had the highest risk of developing PAD compared to those with fewer than 11 teeth or those with 17-24 teeth.
Recent tooth loss showed a small association with PAD, but again no dose-response existed. The association between tooth loss and PAD could be explained by antecedent periodontal disease, antecedent caries, or dietary changes following tooth loss. As tooth loss limits chewing capacity and affects food choices, it can lead to detrimental changes in diet and could also impact cardiovascular loss and may also explain the association between tooth loss and PAD.
The lack of a dose-response for baseline number of teeth may be explained as follows. Edentulous people are free of recent periodontal disease and not at risk of periodontal disease or tooth loss and people with few teeth have fewer teeth at risk; for these reasons, they may be at lower risk of PAD. Another explanation for the relatively lower risk of PAD among participants with ≤10 teeth is a greater likelihood of prostheses (Hessari, Vehkalahti, Eghbal, & Murtomaa, 2008) , which would enable them to have a better diet. Although prosthetic data are not available to evaluate this, we hypothesize that individuals with 17-24 teeth, compared to 11-16 teeth, take better care of their oral health (resulting in less periodontitis) as well as their general health, which could result in reduced PAD risk (Hung et al., 2003) . Good oral hygiene might have a direct effect in reducing oral inflammation. Intensive oral hygiene has been shown to slow periodontal deterioration and improve oral inflammation, (Lee et al., 2009) , thus reducing systemic inflammation and the risk of PAD. However, in a report from the Health Professionals' Follow-up Study, there was no association between oral hygiene and periodontitis after controlling for potential confounders (Merchant, Pitiphat, Douglass, Crohin, & Joshipura, 2002) .
One biological pathway connecting periodontal disease to CVD risk is inflammation, which has a key role in the pathogenesis of atherosclerosis (Libby, Ridker, & Maseri, 2002 T A B L E 3 Tooth loss and smoking interaction for PAD in baseline number of teeth did not show a consistent association with PAD, the diet pathway is less likely. In this study, recent tooth loss showed a more consistent association with PAD compared with baseline number of teeth. This is likely due to the fact that recent tooth loss in middle age is more likely to reflect severe periodontal disease and chronic inflammation, as opposed to variation in number of teeth at baseline, which also reflects dental caries from earlier years. Number of missing teeth at baseline gives a general idea of cumulative oral conditions of persons throughout their life, but might not represent recent oral inflammation, whereas recent tooth loss is a more contemporary assessment of both function and inflammation (Hung et al., 2003) .
| CONCLUSIONS
In conclusion, we found a significant longitudinal association between recent tooth loss and PAD among women, although this relation differed by smoking status. Given the current prevalence of periodontal disease and tooth loss globally (Bourgeois, Bouchard, & Mattout, 2007; Dye, Thornton-Evans, Li, & Iafolla, 2015; Eke, Dye, Wei, Thornton-Evans, & Genco, 2012; Eke et al., 2016; Muller, Naharro, & Carlsson, 2007; Peltzer et al., 2014) , further efforts to obtain and maintain good oral health may importantly reduce the number of persons developing PAD.
However further longitudinal studies are needed to examine the relation of periodontal disease to risk of cardiovascular disease.
